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ABSTRACT 
Microencapsulated Phase change materials (MicroPCMs) have been widely used as 
filler material to develop thermo-regulating textile composites. Phase change 
materials (PCM) have unique property of latent heat that can absorb and release 
energy over constant temperature range.  In this Work a method is developed to 
predict the effective thermal conductivity and thermal resistance of 
microencapsulated phase change material coated woven fabric via finite element 
analysis (FEA). For this purpose unit cell of MicroPCMs as coated material and 
woven fabric were developed and analysed by applying different boundary condition. 
Validation of the method was carried out on the basis of strong correlation in 
effective thermal conductivity and thermal resistance values of the MicroPCMs 
coated fabric between results measured from an experimental setup and the 
predicted values from prost-processing calculation by finite element method.   
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1. INTRODUCTION 
Microencapsulated phase change materials (MicroPCMs) are thin wall spherical 
particles consisting of core phase change material (PCM) and the wall.  The wall is 
inert and high temperature resistant polymeric material, which prevents leakage of 
the core material while in liquid phase. MicroPCMs are widely used to regulate the 
temperature and heat storage in many applications such as building materials [1], 
electronics [2], thermal energy storage system [3], solar heating system [4], coating 
of textiles [5, 6], and fibres[7, 8].  
The MicroPCMs technology was first incorporated inside textile fibres in 1987 to 
improve their thermal performance [9] and MicroPCMs can also be incorporated in 
textile fabric by coating. When PCM fabric is exposed to hot environment it absorbs 
heat and keeps the temperature of fabric constant until PCM melts and similarly 
when it is subjected to cold environment, where the temperature below the 
crystallization temperature of PCM it converts from liquid to solid [10]. Thermal 
performance of PCM fabric mainly depends on the amount of PCM used in the 
fabric. 
Heat and moisture transfer in PCM fabric have been investigated by many 
researchers. In 1990, Lamb and Duffy-Morris[11] measured the heat loss through 
fabrics with and without PCM additives. Pause [12] investigated the development of 
heat and cold insulating membrane structures with phase change materials. For that 
he carried out research to develop a new membrane material with improved thermal 
properties by the application of phase change material. Nuckols [13] developed an 
analytical model of a diver dry suit enhanced with micro-encapsulated phase change 
materials to predict their thermal performances in simulated ocean environments. 
Kim and Cho [14] developed thermostatic garments using MicroPCMs and assessed 
their temperature sensing properties and compared to the garments without 
MicroPCMs. Ghali et al [15] studied the effect of phase change materials on clothing 
during periodic ventilation.  
Li and Zhu [16] developed a mathematical model to predict the heat and moisture 
transfer through PCM textile on the basis of finite volume difference method. The 
purpose of that work was to develop a tool which numerically computed the 
distributions of temperature, moisture concentration and water content in the fibres 
for different amounts of PCM applied in porous textiles. Fengzhi and Yi  [17] 
developed a mathematical model that analysed the heat and moisture transfer in 
porous textiles with PCM microcapsules and analysed the effect of fibre 
hygroscopicity on the distributions of water vapour concentration in the fabrics, water 
content in the fibres and on the effect of PCM microcapsule in delaying fabric 
temperature variation during environment transient periods. 
Fengzhi [18] established a dynamic model to analyse the mechanisms of heat and 
moisture transfer in PCM incorporated clothing and investigated the effect of PCM 
distribution by considering the effect of water content on physical parameters of 
textiles and heat transfer with phase change. Ying et al [19] developed a dynamic 
mathematical model of heat and moisture transfer in multi-layer porous textiles, in 
which some layers incorporated PCM. A finite element volume difference scheme 
was used to numerically simulate the thermal regulating performance. 
Bendkowska and Wrzosek [20] studied the thermoregulating properties of 
nonwovens treated with microencapsulated PCM and determined the temperature 
regulating factor and thermal resistance.  
Sánchez et al [21] developed a thermoregulating textile by using PCM microcapsules 
through a coating technique. The thermoregulatory effect was studied by using an 
infrared thermography (IR) camera. Salaün et al [5] manufactured the 
thermoregulating textile fabric based on different mass ratio of binder to 
microcapsules and analysed the effect  of the amount of microcapsules and binder 
on the thermal response of the fabric.  
Alay et al [22] analysed the thermal comfort properties of the fabrics incorporating 
microencapsulated phase change materials (MicroPCMs) and studied the thermal 
conductivity and thermal resistance under steady-state condition. Yoo et al  [23] 
investigated the thermoregulating properties of four-layer garments and analysed the 
effects of the number of layer and position of fabrics treated with PCM in a garment. 
Their work showed that the location of the PCM-treated fabric in a garment is an 
important factor in determining the rate of heat loss. 
 
More recently Hu et al [24] developed an one dimensional mathematical model to 
analyse the thermal insulation property of protective clothing embedded with PCM 
for firefighters. The research was focused on temperature variation by comparing 
different thicknesses and position conditions of PCM in the clothing, as well as the 
melting state of PCM and human irreversible burns.  
 
The aim of this work is to develop a model on the basis of finite element method to 
calculate the effective thermal conductivity and thermal resistance of MicroPCMs 
coated cotton, wool and Nomex® fabrics.   
     
2. MATERIALS 
 
In this study fabrics were coated both sides with MicroPCMs  obtained from 
Microtech laboratory Inc. The fabric specifications are shown in Table 1.. MicroPCMs 
are composed of n-octadecane as core material and melamine formaldehyde as 
shell material. The properties of MicroPCMs are listed in Table 2.The core content 
(in percentage) of MicroPCMs can be calculated by using the following equation [25]: 
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where C is the core content in percentage; mH  and  oH  are the enthalpy of 
MicroPCMs and pure PCM respectively.  
The diameter and shell thickness of MicroPCMs can be calculated by the following 
equations [26, 27]: 
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where 
pd and cd are the diameter of microcapsule and core, respectively;  c and s  
are the density of core and shell, respectively; ST is the shell thickness  and c is the 
mass fraction of core.   
 
 
Table 1. Fabric Specification 
Specifications Nomex® III 100 % Cotton 100% wool 
Areal density (g/m2)  170 132 130 
Thickness* (mm) 0.50 0.484 0.408 
Warp/Weft sett (per inch) 59/59 65/55 70/45 
Warp/Weft Yarn linear 
density (Tex)  
33.3/33.3 25.5/25.5 27.8/27.8 
*Fabric thickness was the thickness without MicroPCMs coating 
 
Table 2. Physical properties of MicroPCMs 
Properties of microcapsules  
Capsule composition 85-90% wt.% PCM 
Core material  n-octadecane 
Shell material Melamine Formaldehyde 
Particle size 17-20 (µm) 
Melting point 28.2 °C 
Heat of Fusion 180-195 J/g 
Specific Gravity  0.9 
 
   
3. Finite Element Modelling and Simulation 
In order to compute the effective thermal conductivity of MicroPCMs coated fabric a 
finite element model of MicroPCMs coated fabric was developed. For geometricl 
model generation, the SEM images of coated fabrics were analysed and it was found 
that the MicroPCMs were only at the surface of the fabric because it is surface 
coating and air is entrapped inside the yarn as shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Micrograph of the cross-section of fabric coated MicroPCMs 
  
For finite element modelling following steps were followed: 
 
1) First to develop an unit cell model of MicroPCMs and binder and analyse the 
model. 
2) Unit cell modelling of uncoated fabric. 
3) Unit cell modelling of fabric with coated materials. 
4) Combine the above three steps and calculate the effective thermal 
conductivity of MicroPCMs coated fabric.  
 
The methods were adopted to develop the finite element model of MicroPcms coated 
fabric and the detailed steps were illustrated in Figure 2. 
 
  
3.1 Unit Cell Model of Binder and MicroPCMs Composite  
The fabrics were coated with mixture of MicroPCM and binder in which contained 
60% MicroPCM. Figure 3 is an unit cell model showing the components of the fabric 
Figure 2. Stages of modelling: (a) Model of yarn; (b) Unit cell model of woven 
fabric only; (c) Unit cell model of woven fabric with coated material; (d) Binder and 
MicroPCMs composite; (e) Unit Cell model of binder and MicroPCMs composite; 
(f) Simulated temperature profile of binder and MicroPCMs composite; (g) Fabric 
composite model with bondery conditions; and (h) Simulated temperature profile of 
fabric composite. 
composite model with bindery contions. The unit cell model for binder and MicroPCM 
is developed by using micro-sphere filled composite material approach. The 
following assumptions have been taken in developing the model. 
i) Acrylic binder as matrix and MicroPCMs as filler which is homogenously 
distributed. 
ii) Only one mode of heat transfer was consider i.e. conduction 
iii) No internal heat generation of the model.  
iv) No PCM density variation with respect to temperature change.  
 
 
 
 
 
 
 
 
 
 
Table 3 shows the thermo-physical properties of the core and shell of microcapsules 
and the actylic matrix (binder) which were used as the material properties in finite 
element analysis. Figure 4 presents the unit cell model of binder and MicroPCMs 
with 60% volume fraction of MicroPCMs.  It was meshed by 4-node linear tetrahedral 
elements (DC3D4) with 1863 nodes and 8455 elements.  
Table 3. Thermo-physical Properties 
Property n-
Octadecane
[16]  
Melamine 
Formaldehyde 
[28] 
Acrylic 
Binder 
Density (Kg/m3) 779 1500 1080 
Specific heat (KJ/Kg.K) 
1.9 (Solid) 1.2 2.4 
2.2 (Liquid) 
Thermal conductivity (W/m.K) 
0.4 (Solid) 0.5 0.155[29] 
0.3 (Liquid) 
Latent Heat of Fusion (KJ/Kg) 238.76 - - 
Melting Point (˚C) 28.2 - - 
 
 
Figure 3. Experimental setup of MicroPCM coated fabric 
  
For one dimensional heat transfer analysis the temperature specified boundary 
conditions was used to define the temperature for hot and cold surface and keep 
other surfaces insulated. Thermal effective conductivity of the binder and MicroPCMs 
composite can be calculated by the Fourier’s law of conduction.    
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where eK , A , T and t  are the effective thermal conductivity of binder and 
MicroPCMs, surface area, temperature gradient and thickness of the unit cell 
respectively. 
 
Figure 5 illustrates contours of the MicroPCM and Acrylic binder model from post-
processing calculation. 
 
    (a)      (b)     (c) 
   (d) 
    (e)       (f) 
Figure 4. Unit cell model of MicroPCMs and Binder: (a) MicroPCMs with Binder; 
(b) MicroPCMs only; (c) Binder only; (d) (e) and (f) are Meshed unit cell. 
  
 
 
In order to compare the results of effective thermal conductivity obtained by FEM 
with Maxwell model different volume fraction of MicroPCM ( ) was used in FEWM 
analysis. The results were close enough to the results obtained from Maxwell model 
as shown in Figure 6. The thermal conductivity of MicroPCMs was calculated by 
composite sphere approach [30]. 
(a)  (b) 
(c)  (d) 
Figure 5. (a), (b) Heat Flux and temperature contour of unit cell of MicroPCMs and 
Binder respectively; (c) Temperature contour of MicroPCMs only; and (d) Temperature 
contour of Binder only. 
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where pK  , sK  and cK  are the thermal conductivity of MicroPCMs, shell and core of 
PCM microcapsule respectively.  
The effective thermal conductivity of acrylic binder and MicoPCMs can be calculated 
by Maxwell model[31] by using the thermal conductivity of MicroPCMs obtained from 
the above Equation 4.   
 
 bppb
bppb
be
KKKK
KKKK
KK





2
22
           (5) 
where eK  is the effective thermal conductivity of binder and MicroPCMs,  bK  and 
pK are the thermal conductivity of binder and MicroPCMs respectively, and   is the 
volume fraction of MicroPCMs.   
 
Figure 6 presents the results obtained from FEM post-processing and results 
calculated from Maxwell model. It shows that the two methods are agreed better at 
lower MicroPCM volume fraction.  
 
       
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Results comparison between FEM and Maxwell 
model 
3.2 Unit Cell Model of Fabric with and without coating  
For the development of model of coated fabrics the following assumptions were 
taken when applying bondery conditions for the coated fabrics to be placed between 
the hot and cold plates:  
 
i) no compression applied to fabric from the plates; 
ii) entrapped air exists between the plate and fabric as shown in Figure 3; 
and 
iii) no radiation and convection involved. 
 
 
Unit cell of model of fabric was created by using the data as shown in Table 4. Yarn 
cross-section and dimension were obtained from the analysis of SEM images. Fabric 
thickness was obtained from FAST-1 under 2gf/cm2 or 0.0196 KPa. Warp and weft 
spacing were calculated from warp and weft sets. Figure 7 shows the geometric and 
meshed model of Nomex III fabric.  
 
 
Table 4. Geometric Dimensions of models 
       
 
 
 
 
 
 
(Move Figure 7 to here) 
Table 5 shows the thermal properties of fibres which were used in the analysis of 
effective thermal conductivity of coated fabrics. In order to determine the effective 
thermal conductivity of coated fabric there is need to calculate the axial and 
transverse thermal conductivity of yarn. The material for yarn is considered as 
orthotropic in nature so the yarn thermal conductivity along and transverse to the 
fibres as shown in Table 6 which were calculated by equations (6) and (7).:   
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where yaK  and ytK are the yarn thermal conductivity along the fibres and transverse to 
the fibres, respectively; faK  and ftK are the thermal conductivity of fibre in axial and 
Dimensions Nomex® III Cotton Wool 
Warp/weft Spacing (mm)  0.431/0.431 0.390/0.462 0.363/0.564 
Warp/weft width (mm) 0.337/0.337 0.26/0.277 0.3/0.33 
Fabric thickness (mm) 0.68 0.575 0.56 
Total length of unit cell (mm) 0.862 0.924 1.128 
Total width of unit cell (mm) 0.862 0.78 0.726 
Unit cell volume (mm3) 0.505 0.4144 0.458 
transverse directions,  respectively; airK  is thermal conductivity of air; and fyV is the 
yarn fibre volume fraction. 
  
Table 5. Fibre Specifications 
Property Symbol Nomex® III[32] Cotton[33] Wool[33] 
Fibre density (Kg/m3) f 1380 1520 1310 
Fibre thermal conductivity 
(W/m.k) 
Kfa
  1.3a 2.88 0.48 
Kft
  0.3 0.243 0.165 
Fibre specific heat (J/Kg.K) Cpf 1200 1350 1360 
a consider axial thermal conductivity value 10 times than the transverse [34]  
 
Table 6: Fibre volume fraction and yarn thermal conductivity 
Fabrics  
Yarn Fibre 
Volume 
Fraction, 
fyV  (%) 
Fibre volume 
fraction of unit 
cell, 
 fV  (%) 
Yarn thermal 
Conductivity in 
axial direction, 
yaK  
(W/m.K) 
Yarn thermal 
Conductivity in 
transverse direction, 
ytK  
(W/m.K) 
Nomex® III 40.00 18.12 0.5356 0.0382 
Cotton 38.33 15.07 1.1199 0.0395 
Wool 51.00 17.7 0.2575 0.0456 
 
 
(a)  (b) 
  
 
The local thermal conductivity tensor for material is described as: 
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where 11K   is the thermal conductivity along the fibre direction and 3322 KK    are the 
thermal conductivity perpendicular to the fibre direction. 
 
The calculated thermal conductivity of yarn along fibre ( yaKK 11 ) and transverse (
ytKKK  3322 ) to the fibre direction were used as material input parameters in 
Abaqus. Due to the crimps of the yarn in fabric the yarns move up and down, as a 
result the material principal axes may vary from point to point. Therefore coordinate 
of material principal axes transform by using coordinate transformation matrix. 
 
The effective thermal conductivity of MicroPCMs and binder was obtained from the 
unit cell of MicroPCMs and binder were used as input material property for the 
coating section as shown in Figure 7 (b).  The thermal conductivity of air 0.026 
w/m.K was used as  input material property for air fluid matrix section.    
 
A unit cell of MicroPCMs coated fabrics were meshed by 4-node linear tetrahedral 
elements (DC3D4). In order to determine the effective thermal conductivity of 
MicroPCMs coated across the transverse direction, temperature specified boundary 
condition were used for one dimensional heat flow. For that purpose temperature 
(c)  (d) 
Figure 7. (a) Unit cell model of Nomex® III fabric without MicroPCMs; (b) unit cell 
model of Nomex® III fabric with MicroPCMs only; (c) unit cell model of Nomex® III 
fabric with MicroPCMs and air fluid matrix; and (d) Meshed unit cell model of 
Nomex® III fabric with MicroPCMs and air fluid matrix. 
gradient is applied at the face and back side of the unit cell,assumming surfaces 
remain insulated. 
Figure 8 shows the temperature distribution of Nomex® III fabric with MicroPCMs and 
air fluid matrix. Figure 9 shows the heat flux distribution of MicroPCMs coated 
Nomex® III, cotton and wool fabrics. The effective thermal conductivity across the 
thickness of unit cell can be determined by the equation:  
z
zeff
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where zQ  and zT  are the overall heat flux value and the temperature difference in 
z-direction (fabric thickness direction) respectively. 
The detailed calculation of  zQ  can be found in reference [35]. Table 7 shows the FE 
model predicted thermal conductivity of MicroPCMs coated fabric.  
 
 
  
 
(a)  (b) 
 (c)  (d) 
(e) (f) 
Figure 8. Temperature contour of MicroPCMs coated Nomex® III fabric. 
4. Experiment and Model Validation 
 
Figure 10 shows the heat flow of the three MicroPCMSs coated fabric using DSC . In 
order to validate the simulated results tests were conducted to determine the thermal 
conductivity of MicroPCMs coated fabrics. Figure 11 shows the model of a 
developed thermal conductivity instrument, comprising of heater, hot and cold plates, 
heat flux sensor, fan heat sink, PID controller, thermocouple, multi-meter, AC/DC 
power supply and step down transformer. Fabric Samples are placed between the 
two plates with the lower plate heated by the controlled heater. Temperature sensor 
(thermocouple) is attached on the surface of the plates which monitors the temperate 
(T1).The upper plate is attached with the heat flux senor, it is cooled by fan heat sink 
and another temperature sensor is connected at the surface of the cold plate which 
monitors the temperature (T2). The temperature gradient (T1-T2) between the hot and 
cold plate allows the heat to flow from hot plate to cold plate through the fabric 
sample. The thermal conductivity of fabric samples are calculated by the following 
relation:  
   
 (a)  (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (c) 
Figure 9. Heat Flux Contour of MicroPCMs coated fabric: (a) MicoPCMs Coated 
Nomex® III fabric; (b) MicoPCMs Coated Cotton Fabric and (c) MicoPCMs Coated 
Wool fabric 
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where V   is the output of heat flux sensor, S  heat flux sensor sensitivity, t is the 
sample thickness, 1T  is the hot plate temperature  and 2T  is cold plate temperature.  
 
 
 
 
 
 
 
 
 
 
Figure 10. DSC Curves of MicroPCMs Coated Fabric 
 
Figure 11. Schematic Diagram of Thermal Conductivity Experimental Setup 
 
Table 7 shows the effective thermal conductivity obtained by experiment and finite 
element method. Figure 13 illustrats the correlation of thermal conductivity between 
experimental results which obtained from designed experimental setup and finite 
element method, R2 and mean absolute error 6.11% shows the strong correlation 
between experimental and predicted results.   
 
  
  
Table 7. Effective thermal conductivity values obtained from Experiment and FEM 
Samples 
Experimental effective thermal 
conductivity of MicroPCMs Coated 
Fabric Keff (W/m.K) 
Predicted effective thermal 
conductivity of MicroPCMs Coated 
Fabric Keff (W/m.K) 
Nomex® III 0.089 0.085 
Cotton 0.087 0.081 
Wool 0.072 0.077 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. conclusion 
 
In this work a method is developed to predict the thermal conductivity of MicroPCMs 
coated fabrics by considering:  
 conduction is the only mode of heat transfer;  
 neglect the effect of internal heat generation; and  
 PCM density variation with respect to temperature variation and entrapped air 
between the fabric surface and plates by using finite element method.  
 
A strong correlation and small mean absolute error shows the applicability of method 
for the prediction of thermal conductivity of MicroPCMs coated fabric.  
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Figure 12. A Comparison of effective thermal conductivity 
between FE model predicttion and experiment. 
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Nomenclature 
Cpf fibre specific heat (J/kg.K) 
mH  enthalpy of MicroPCMs (J/g) 
oH  enthalpy of pure PCM (J/g) 
d  diameter (µm) 
K  thermal conductivity (W/m.K) 
airK  thermal Conductivity of air (W/m.K) 
eK  effective thermal conductivity of binder and MicroPCMs (W/m.K) 
pK  thermal conductivity of MicroPCMs (W/m.K) 
Kfa thermal conductivity of fibre in axial direction (W/m.K) 
Kft thermal conductivity of fibre in transverse direction (W/m.K) 
yaK  axial thermal Conductivity of yarn (W/m.K) 
ytK  transverse thermal Conductivity of yarn (W/m.K) 
zQ  heat flux in z-direction 
s  heat flux sensor sensitivity 
t sample thickness 
1T  hot plate temperature 
2T  cold plate temperature. 
zT  temperature gradient in z-direction 
T thickness (µm) 
V  output of heat flux sensor 
fyV  yarn fibre volume fraction 
 
Greek Letters 
 
  mass fraction 
  volume fraction 
 density (Kg/m
3) 
 
Subscript 
 
b base material  
c core material 
f fibre 
p particle 
s shell 
  
 
